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The X-ray and radio-emitting plasma lobes of 4C23.56: further 
evidence of recurrent jet activity and high acceleration energies 
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ABSTRACT 

New Chandra observations of the giant (~ 0.5 Mpc) radio galaxy 4C23.56 at z = 2.5 show 
X-rays in a linear structure aligned with its radio emission, but seemingly anti-correlated with 
the detailed radio structure. Consistent with the powerful, high-z giant radio galaxies we have 
studied previously, X-rays seem to be invariably found where the lobe plasma is oldest even 
where the radio emission has long since faded. The hotspot complexes seem to show structures 
resembling the double shock structure exhibited by the largest radio quasar 4C74.26, with the 
X-ray shock again being offset closer to the nucleus than the radio synchrotron shock. In the 
current paper, the offsets between these shocks are even larger, at ~35 kpc. Unusually for a 
classical double (FRII) radio source, there is smooth low surface-brightness radio emission 
associated with the regions beyond the hotspots (i.e. further away from the nucleus than the 
hotspots themselves), which seems to be symmetric for the ends of both jets. We consider 
possible explanations for this phenomenon, and reach the conclusion that it arises from high- 
energy electrons, recently accelerated in the nearby radio hotspots that are leaking into a pre- 
existing weakly-magnetized plasma that are symmetric relic lobes fed from a previous episode 
of jet activity. This contrasts with other manifestations of previous epochs of jet ejection in 
various examples of classical double radio sources namely (i) double-double radio galaxies 
by e.g. Schoenmakers et al, (ii) the double-double X-ray/radio galaxies by Laskar et al and 
(iii) the presence of a relic X-ray counter-jet in the prototypical classical double radio galaxy, 
Cygnus A by Steenbrugge et al. The occurrence, still more the prevalence, of multi-episodic 
jet activity in powerful radio galaxies and quasars indicates that they may have a longer last- 
ing influence on the on-going structure formation processes in their environs than previously 
presumed. 

Key words: galaxies: high-redshift, galaxies: jets, X-rays: individual (4C23.56) 



1 INTRODUCTION 



X-ray studies of classical double fFRII; lFanaroff & Rilevl 1974b ra- 
dio galaxies and quasars seem — at significant distances out from 
their nuclei — to display two separate phenomena besides their 
compact, active galactic nuclei: the first of these is that consider- 
able extended X-ray e mission may be associated with the oldest 
parts of the lobes (e.g. IBlundell et alJbOOd : Ijohnson et a"i]l2007l : 
lErlund et'a l. 2008a; Laskar et al.ll2010l) . This is exemplified by our 
X-ray study of the powerful , giant, z ~ 2 radio g alaxy 6C0905+39: 
our Chandra observations (IBlundell et al.l 120061) revealed that the 
oldest parts of the lobes (nearest to the nucleus, yet distinct from 
it) were predominantly where fairly smooth X-ray emission was 
detected even though the radio emission from that plasma (accel- 
erated > 10 8 years ago when the hotspots were that close to the 
nucleus) had faded. This X-ray emission, extended over several 
100 kpc, has been confirmed by subsequent, deeper XMM observa- 



tions ferlund et al. 2008a). It arises via inverse-Compton scattering 
of CMB photons (hereafter ICCMB) by the "spent" (i.e. relic) syn- 
chrotron particles having Lorentz factors of only 7 ~ 10 3 , too low 
to give synchrotron radiation detectable by current radio facilities 
(this requires rather higher Lorentz factors in the typical magnetic 
field strengths of aged lobe plasma). Where we detect ICCMB, this 
is a tracer of the 7 ~ 10 3 particles; if these particles had been ini- 
tially accelerated to higher energies then it is likely they would have 
previously radiated GHz-radio synchrotron before they lost signif- 
icant amounts of their energy via expansion losses. An example 
of a relic radio source now observable on ly via ICCMB emission 
is HDF 130 at z ~ 2 dFabian et~aDl2QQ9h . As time goes by, even 
the ICCMB emission from relic lobes will fade and become und e- 
tectable with present X-ray instrumental capability 

The second phenomenon often revealed in powerful classical 
double radio sources is compact X-ray emission associated, though 
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Figure 1. Smoothed Chandra image as colourscale showing that ICCMB X-rays are associated with the olde st parts of the lobe, n earest to the central nucleus 
(coloured white) though clearly resolved from it. A very similar picture was found from XMM observations (Johnson et al. 2007). Such ICCMB emission is a 
tracer of "spent" synchrotron particles: too lacking in energy to give synchrotron radiation at the usual radio wavelengths, but sufficiently energetic to upscatter 
CMB photons to become X-ray photons. As such this emission delineates the presence of 7 ~ 10 3 particles. Red is soft and blue is hard. The green contours 
represent 5 GHz radio emission. The outermost extended radio regions external to the hotspots are considered in Sec|4] The regions inside t he hotspots, towards 
the nucleus are referred to as the tails; these are resolved more clearly from the compact hotspots in the high-resolution 8 GHz image of ICarilli et al.l dl997l 
their fig. 35). 



not co- spatial, with the radio hotspots. Angular resolution often 
presents a challenge to diagnosing the spatial separation of the 
compact X-ray shock structure from the compact radio shocks, but 
in the case of the giant nearby radio quas ar 4C74.26, these a re sep- 
arated by a projected distance of 19kpc (Erl und et al.|2010 ) while 
in 4C19.44 the separation is 14.5 kpc dSambruna et al.ll2002h . 



The particular object under study in this paper, 4C23.56, is a 
suitable target to further explore these two phenomena to try and 
discern what are their fundamental characteristics. 4C23.56 is a gi- 
ant radio galaxy extending over 60 arcminutes, corresponding to 
492 kpc p rojected on the plane of the Sky, previously studied in 
X-rays bv I Johnson et all (l2007h . 

Throughout this paper, all errors are quoted at la unless other- 
wise stated and the cosmology is Ho — 71 km s _1 Mpc -1 , Qo — 
1 and Ao = 0.73. One arcsecond represents 8.20 3 kpc on the plane 
of the sky at the redshift of 4C 23.56 of 2.48 teoettgering et all 



[l997l) and the Galactic absorpti on along the line-of- sight towards 
this object is 1.29 x 10 21 cm" 2 toickev & Lockmanlll99(t) but re- 
ported as 9.19 x 10 20 cm" 2 in the Leiden, Argentina, Bonn (LAB) 
survey (iKalberla et al.ll2Q05h . 



2 DATA 

2.1 New Chandra data 

4C 23.56 was observed with Chandra ACIS-S for 91.69 ks on 2009 
Aug 16-17. The data were taken in VFAINT mode and processed 
accordingly to improve background reduction. There were no sig- 
nificant background flares during the observation so the whole 
dataset was used. After background subtraction we detect 417 
counts from the radio source in the 0.5-7 keV band, of which 256 
are from the nucleus and 161 are from extended emission. 
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Figure 2. Left: overlay of 4.8 GHz contours on 0.5-3 keV X-ray colour-scale. Right: 0.5-3 keV X-rays, convolved with a Gaussian of 2.5 arcseconds, shown 
as contours overlaid on 4.8 GHz colourscale. 



2.2 Radio data 

Data at 5 GHz had been observed by the VLA in its fairly extended 
B -configuration and its most compact D-configuration. These were 
retrieved from the archive under project codes AC234 and AR409 
respectively and reduced separately using standard procedures 
within the AIPS software package including self-calibration for 
phases only. Confusing sources were subtracted from each UV- 
dataset using, sequentially, BOX2CC, CCEDT and UVSUB. The 
two datasets were concatenated, and cross-calibration was per- 
formed on the overlapping baselines between 0.5 kA and 16 kA. 
The extended structure exterior to the hotspots was initially not in- 
cluded in any self-calibration model. The presence of this extended 
structure was robust to taking only half of the data at a time and 
seems to be a persistent and real feature of the brightness distribu- 
tion. The north-east extended outer emission has a flux density of 
8.4 ± 0.1 mJy while that of the south-west extended outer emission 
has a flux density of 6.4 ± 0.1 mJy. 

The integrated radio spectrum is plotted in Figure[3] Some of 
the datapoints are above the best-fit line but these correspond to sur- 
vey measurements where often low-resolution and confusion over- 
estimates the flux densities in what is a fairly clustered part of the 
radio sky. The radio spectrum is consistent with being a straight 
power-law following v~ 1A up to frequencies of 1 GHz. The high- 
est frequency points shown in the plot, at 5 GHz are (from top to 
bottom): our combined B+D configuration d ata, B -configuration 
data and below these a re various surveys (Grif fith et all fl990: 
iGregorv & Condon! 1 99 lh . We suspect that the reason for these par- 
ticular surveys apparently underestimating the flux density of this 
source compared with those obtained from pointed VLA observa- 
tions is that only the south-west lobe of this arcminute- sized radio 
source is fitted in an automated manner by the surveys. With the 
extended spectral region described with a spectral index a = 1.1, 
there is a (minimum) Aa ~ 0.5 as inferred from the spectral index 
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Frequency /MHz 

Figure 3. Spectrum of 4C23.56 at radio wavelengths; most datapoints are 
taken from NED, but those at 327 MHz and 4.7 GHz were taken from re- 
reduced radio data from the VLA archive. The line shown is fitted to all 
points with frequencies below 3 GHz and follows 



above 2.7 GHz to the 4.8 GHz data-point from our VLA measure- 
ments. 

From the purely m onochromatic radio view, as pointed out by 
IChambers et al.1 Jl996h . the two opposite lobes and the nucleus are 
perfectly co-linear although the length of the western arm is twice 
that of the eastern arm. 
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Figure 4. Illustration of the regions fitted from the X-ray observations to 
give the data presented in Table[T] 

3 MAGNETIC FIELD ESTIMATE 

An estimate of the magnetic field strength in the north-east inner 
radio tail (nearer the hotspot than the nucleus, shown in the NE 
inset to Fig[TJ may be obtained by estimating the ratio of the co- 
spatial radio synchrotron lumi nosity with the ICCMB X-ray lumi- 
nosity dGovoni & Ferettil20 041 Care was taken to exclude the radio 
emission from the actual compact hotspot, which has no counter- 
part X-ray emission. With a radio flux density of 5 mJy and an X- 
ray flux density of2.17x 10 -15 erg cm -2 s _1 , the magnetic field 
strength of this plasma is 16.2 /iG (a.k.a. 1.62 nT). While this is an 
uncertain estimate, not least because of the assumption that the X- 
ray emission and radio synchrotron emission arise from the same 
particle population, which as described in Sec|4]is doubtful, it is 
an entirely plausible value consistent with other estimates of mag- 
netic field strengths in the lobes of radio galaxies and quasars. In 
such a magnetic field strength, the particles responsible for the syn- 
chrotron emission at 5 GHz will have Lorentz factors of 1.03 x 10 4 , 
an order of magnitude more energetic than those responsible for 
inverse-Compton scattering CMB photons into X-ray photons. For 
comparison, the magnetic fiel d stren gth may be estimated using 
minimum-energy assumptions iMilevI (e.g. Il980h for fiducial val- 
ues of the lower limit of the the energy distribution of the syn - 
chrotron particles, 7min- As discussed by iBlundell et al.l (j2006h . 
the inferred magnetic field is lower for a higher assumed 7min- 
Example values are: 218.2 /xG, 56.7 /xG, 28.9 /iG and 16.0 /jlG for 
7min = 1, 100, 1000, 7500 respectively. We remind the reader that 
consistency seems to emerge on the basis of higher values of 7 m in, 
the resolution of the radio/X-ray overlaid image could hide the fact 
that the X-ray emitting plasma and radio emitting plasma can only 
be assumed to be co- spatial. 

4 EXTENDED X-RAY EMISSION IN THE OLDEST 
PARTS OF THE LOBES 

Although the X-ray counts are slightly sparse across 4C23.56, lu- 
minosities and photon indices were obtained for regions A-E de- 



Region 


Luminosity 


Photon index 




(X10 44 ergs" 1 ) 




A 


0.32± 


1.96 ±0.82 


B 


1.29 ±0.21 


2.83 ±0.50 


C 


1.09± 


2.28 ±0.82 


D 


1.13 ±0.20 


2.79 ±0.51 


E 


0.73± 


for fixed r = 2 


E 


1.1 ±0.3 


for fixed T = 2.8 


N 


41.52± 


2.27 ± 1.05 



Table 1. Luminosities are measured between 2 and 10 keV in the rest frame 
and absorption corrected (both Galactic and intrinsic). 

picted in Fig|4](the nucleus is discussed separately in Sec[6]). The 
photon indices fitted for the non-nuclear regions span a range of 
2 - 2.8. This is bro adly consistent with the value inferred by 
Johnson et al ] d2007h of T = 2.6 for photon index of the lobe 
plasma although their observations from XMM, having lower angu- 
lar resolution, would have been challenged by contamination from 
the nucleus. Although the Chandra photon indices are consistent 
with those inferred from the XMM measurements, they are incon- 
sistent with the radio spectral index of cm = 1.1, which would for a 
single continuous power-law imply a photon index of T — 2.1. The 
radio synchrotron electrons are thus drawn from a harder (flatter) 
distribution than the electrons responsible for the ICCMB emission. 
We suggest that this points to a more recently accelerated popu- 
lation of electrons as the synchrotron population, than the older 
('spent' synchrotron) lower energy electrons that upscatter CMB 
photons into the X-ray bands. This is consistent with the picture of 
a previous epoch of jet activity, whose only tell-tale sign is from 
relic ICCMB emission, and a current epoch of jet activity, evinced 
by radio synchrotron hotspots. We continue this line of thought in 
Sec[5]as we consider the unusual characteristic of the extended ra- 
dio emission external to the hotspots in this powerful radio galaxy. 

The most north-easterly source along the radio axis, delineated 
by Region A in FigHl has a colour, appearing as orange in FigQ] 
which is clearly rare amongst the background sources. Its position, 
being almost exactly along the radio axis, and its colour resembling 
that of Region C suggests that it may be a part of the non-thermal 
emission associated with the jet activity of this object. The number 
of counts is however, too few to permit detailed analysis, other than 
(weakly) constraining its photon index or to securely identify its 
role (if any) within this active galaxy's extended emission. 



5 EXTENDED RADIO EMISSION BEYOND HOTSPOTS 

The insets to FigQ] clearly reveal how there is smooth radio emis- 
sion outside of the hotspots, the regions of enhanced surface bright- 
ness which, usually in classical double FRII radio sources, are be- 
lieved to be where the jets impinge and shock on the intergalactic 
medium. This outer emission is most uncharacteristic in powerful 
FRII radio sources. There appear to be no counterpart X-rays as- 
sociated with this smooth emission, and it seems likely that X-rays 
would have been detected if they were there at the same level as the 
X-rays associated with the internal tails of the hotspots: the ratio of 
the X-ray counts in the tail region to the co-spatial, diffuse 4.9 GHz 
radio blob region (i.e. excluding the hotspot) as 13 to < 5.7 (2 a 
limit) i.e. > 2.3, whereas the ratio of the radio fluxes for the same 
regions is 0.5. This means that we would have easily detected the 
external regions beyond the hotspots if they have the same electron 
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population as the tail regions. The external extended regions, lack- 
ing associated X-ray emission, therefore are deficient in 7 ~ 1000 
electrons compared with the internal tails. The radio emission in 
these regions is presumably synchrotron radiation and thus even 
the regions external to the hotspots require a magnetic field. Such 
external features are unknown in high-z, powerful radio sources 
which suggests that IGM magnetic field strengths are usually too 
low to be sufficient to "illuminate" the presence of high-energy 
electrons. Given the symmetry of these external extended features, 
we suggest that the most likely origin for the magnetic field re- 
sponsible for this emission arises from pre-existing lobe plasma 
encountered by the outward moving radio hotspots, and possibly 
somewhat compressed by them. A weak magnetic field will illumi- 
nate high-7 electrons and if the deficiency in 7 ~ 1000 particles 
is indeed real then this would strongly suggest that the turnover 
frequency in the energy spectrum of particles accelerated in the 
hotspot complexes is very significantly above 10 3 . We suggest that 
these high-energy particles leak out from the radio hotspot and, be- 
ing ultra-relativistic, rapidly pervade the relic, expanded plasma 
having a very weak, but not necessarily tangled magnetic field. 
The extent to which ultra-relativistic electrons can pervade a pre- 
existing weakly-magnetized plasma may be described by a random 
walk of particles across randomly oriented regions of magnetic 
field (Re chester & Rosenbluth|[l978b . The efficacy of this transport 
mechanism depends critically on the configuration (tangling) of the 
magnetic field structure within the plasma which in turn depends on 
its original configuration and the goemetry of any subsequent ex- 
pansion. Anomalous diffusion mechanism s in plasma physic s are 
currently not fully explored, but following lDuffvetal.Nl995l) and 
assuming a tangling scale of lOkpc (plausible for expanded lobe 
material often 10s of kpc across in spatial extent) then in 10 5 years 
the rms distance diffused is 10s of kpc, comparable with the extent 
of the external regions of plasma beyond the hotspots, as seen in 
the insets of FigQ] 



6 NUCLEUS, AND SUPPLY OF FUEL FOR A NEW 
EPISODE OF JET EJECTION 

The absorption-corrected luminosity of 4C23.56's nucleus in the 
2-10 keV b and is 41.5 x 10 4 4 erg s _1 which for a typical quasar 
nucleus (e.g. lElvis et al Jl994h would make the total bolometric nu- 
clear luminosity to be 2 x 10 47 erg s _1 and as such is one of the 
most energetic objects/nuclei in the universe. This luminosity is 
very close to the Eddington-limited luminosity for a supermassive 
black hole of a billion solar masses. Although recent research has 
suggested that objects with lumi nosities near the Eddington-limit 
tend not to have r adio jets (e.g. IPanessa et al.ll2007l ; ISikora et all 
120071 : lMaozll2007h 4C23.56, just l ike the other ~Mpc z ~ 2 ra- 
dio galaxy 6C0905+32 we studied ferlund et al.ll2008bh . is another 
demonstrable counter-example. We note, however, that the Edding- 
ton limit is calculated with the simplifying, incorrect, assumption 
of spherical symmetry. The X-ray spectrum of this nucleus, shown 
in Fig[5] shows tentative evidence for a redshifted 6.4 keV iron line 
which is likely to be arise from the strong absorber. 

The X-ray photon index of the nucleus, as listed in TableQ] 
is fitted to be T = 2.27 ± 1.05. Though poorly constrained, 
it is interestingly consistent with the high-frequency radio spec- 
tral index of the nucleu s, reported between 5 GHz and 15 GHz by 
Chambers et al ] Jl996h to be unusually steep at a — 1.44. This 
is in contrast with the lower radio frequency spectral index of the 
nucleus of a = 0.62. 




Energy (keV) 



Figure 5. X-ray spectrum of the nucleus of 4C23.56 showing tentative evi- 
dence for a 6.4 kev iron line redshifted to 6.4/(1 + z) = 1.8 keV, just below 
the deep neutral iron K edge. 

The nucleus of this powerful radio galaxy is highly obscured, 
having a column density of 0.79 ± 0.5 x 10 24 cm -2 , slightly be- 
low the Compton-thick threshold of 1.5 x 10 24 cm -2 at which the 
Thomson- scattering optical depth reaches unity. 

In the context of active nuclei that may be exhibi ting multi- 
ple cycles of relativistic jet activity, S alter et al and refer- 
ences therein) have pointed out that the presence of a higher than 
average amount of neutral hydrogen absorption seems to be asso- 
ciated with such "rejuvenated" or "re- activated" or multi-episodic 
radio galaxies. This characteristic appears to apply to sources of all 
sizes from compact to giant. Although we have no HI observations 
of 4C23.56 to bring to bear against the two strands of evidence 
that it has exhibited more than one episode of jet activity ([i] high- 
energy emission external to the hotspots requiring a pre-existing 
magnetic field and [ii] the harder synchrotron spectrum compared 
with that of the ICCMB emission) there are two indications of a 
plentiful supply of gas in the vicinity of this nucleus: (i) the consid- 
erable column density of 0.79 ± 0.5 x 10 24 cm -2 , (ii) the presence 
of two opposite cones, having ~ 90° opening angles, reveale d in 
narrow-band Lyman-a imaging bv lKnopp & Chambersl dl997h and 
presumably illuminated by ionising radiation from the nucleus and 
(iii) a rotating g as cloud with dynamical m ass inferred from Keck 
spectroscopy bv lVillar-Martm et al.l J2003h to be 2.9 x 10 12 M . 

We also note the remarkable structural asymmetry in this sys- 
tem: the SW arm is twice the length of the NE arm, and at half the 
distance along the SW arm there is some radio emission and an ab- 
sence of X-ray emission (see FigEJ). Whether this corresponds to 
evidence of alternating activity in the opposite jets ("flip-floping") 
or to asymmetries induced by the presence of different plasma or 
other environmental differences is not clear with the present data, 
but follow-up observations will be sought from the eVLA. 



7 DOUBLE SHOCK X-RAY/RADIO STRUCTURES AND 
PARTICLE ACCELERATION 

Examination of the brightest peaks on the radio image, the com- 
pact hotspot peaks (see insets in FigQ]) reveals that the brightest 
compact radio hotspot peaks are offset from the brightest compact 
X-ray peaks in the same sense as each other: the X-ray hotspots 
are offset closer to the nucleus. This is in the same sense as in 
the unusually nearby and giant radio quasar 4C74.26 studied by 
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lErlund et allfeOlCh (the offset in this object is 19 kpc projected on 
the pl ane of the sky) and for the quasar 4C 19.44 JSambruna et al.l 
l2002h which has an offset of 14.5 kpc. 4C23.56 has a much larger 
offset of rsj 35 kpc; we note that the radio luminosity of 4C23.56 at 

10 28.22 WHz -l 

sr 1 is over three orders of magnitude higher than 
that of 4C74.26 at 10 24 93 WHz" 1 s r^.The orig i n of th ese offsets 
are still unclear but are explored in lErlund et al.1 (1201 Oh . A partic- 
ular possibility we explore in that paper is that the shock nearer to 
the nucleus, (the X-ray peak) is from a population of high-energy 
electrons that cool radiatively as they flow downstream. A subse- 
quent shock, further downstream, is where these cooled electrons 
are compressed and radiate in the radio. 



8 CONCLUSIONS 

This combined X-ray and radio study demonstrates a continuation 
of the pattern that X-ray shocks associated with hotspots appear 
to be upstream of the radio synchrotron shocks. Studies of other 
classical double radio sources have revealed evidence of previ- 
ous epochs of jet ejection name ly (i) double-double radio galaxies 
(e.g. IScho enmakers et al. 2000), (ii) the double-double X-ray /radio 
galaxies by (lLaskar et al.ll2010h and (iii) the presence of a relic X- 
ray counte r-jet in the prototypical c lassical double radio galaxy, 
CygnusA dSteenbrugge et al.l l2008h . In this study, of the giant 
(-0.5 Mpc) and high-redshift (z ~ 2.5) radio galaxy of 4C23.56, 
two strands of evidence have emerged that point to there being a 
previous episode of jet activity in this object other than the episode 
delineated by the current radio synchrotron emission. These strands 
of evidence are: (i) outside of the hotspots, further away from the 
nucleus, there is extended radio emission that may be plausibly ex- 
plained by fast particles, freshly accelerated at the hotspots, leaking 
into pre-existing, weakly magnetised plasma that may be the relic 
lobes of a previous epoch of jet activity and (ii) the radio spec- 
trum is considerably harder than that of the inverse-Compton emis- 
sion. This argues against the emission being drawn from one single 
population of relativistic particles. A simple explanation for this is 
that the radio synchrotron is from more recently accelerated parti- 
cles and the softer spectrum of the ICCMB emission corresponds 
to a previous episode of jet activity, that may even have been re- 
energized following compression because of the propagation of the 
current episode of jet ejection. 
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